Introduction
The growing request for the development and diffusion of technologies based on renewable energy sources represents an important challenge for researchers working in catalysis. In recent years, steam reforming of methane (MSR) has received a wide attention for the production of hydrogen and syngas as a major feedstock for fuel cells and Fischer-Tropsch reaction. When the process is coupled to water gas shift reaction, hydromethane (a mixture of hydrogen and methane) can be obtained, which, after CO 2 removal, could be employed to power hybrid automotive systems. If the temperature of the process is lowered by employing a proper catalyst, a low green-house impact fuel can be produced in solar powered plants, based on molten salt technology [1, 2] .
Commercial catalysts for the methane steam reforming reaction are based on metal Ni particles dispersed on supports such as Al 2 O 3 , MgO and MgAl 2 O 4 or their mixture [3] . Selection of support material is an important issue, as it has been evidenced that it can seriously influence metal activity and stability [3] [4] [5] . This effect, mainly based on the support surface properties and metal-support interaction, can also result in low temperature activity of the Ni phases [6] .
The primary difficulty associated with Ni is deactivation due to either coke formation or sintering of metallic and support phases at high temperature [7, 8] . Sintering, often caused by the severe conditions of the industrial process (high temperature and pressure, necessary to shift the thermodynamic equilibrium to the products), results in the formation of large metal particles, with consequent loss in surface area ad activity. The second, but not less important cause of deactivation is related to the formation of carbon whiskers, which grow on and strongly bind to Ni particles, causing their removal from the support or even reactor blockage. This phenomenon could be reduced by increasing the steam to carbon ratio (S/C), but this would require major limitations in the process parameters and lower energy-efficiency of the plant [3] . Promoters are often employed to avoid the deactivation issue. These include alkali metal ions, sulphurs, transition metal ions (Ag, Au, Cu, Sn etc) or even doping with boron [9] [10] [11] [12] .
One of the most promising catalysts for low temperature MSR is based on Ni-CeZrO 2 mixed oxide [13] [14] [15] [16] . CeO 2 is an active support, widely employed in catalysis thanks to the reported enhancement of metal dispersion and strong metal-support interaction (SMSI) [14, [17] [18] [19] [20] . Moreover, CeO 2 has a high "oxygen storage capability" (OSC), related to the presence of oxygen vacancies in defective sites that can be quickly formed and destroyed [21] [22] [23] . This feature could be useful to avoid deactivation as a consequence of coke formation. At high reaction temperature, however CeO 2 is readily sintered, which results in catalyst deactivation. It has been reported that the addition of ZrO 2 leads to improvement in thermal resistance and OCS of CeO 2 [24] [25] [26] [27] [28] .This was found to be due to the partial substitution of Ce 4+ with Zr 4+ in the lattice of CeO 2 , which results in a solid solution formation [29] [30] [31] .
In this study, the structural and surface properties of two NiCeZrO 2 catalysts, prepared by optimization of a co-precipitation method [13] , are compared. The two samples are characterized by similar chemical composition (15% Ni wt, Ce/Zr = 80/20 atomic ratio), CeZrO 2 crystalline structure, particle size and morphology. However, pH modification in the synthesis resulted in different specific surface area and NiO particle size. This allowed us to compare the two catalysts surface properties and reactivity, by employing FTIR spectroscopy of CO probe molecule and by performing catalytic tests in low temperature methane steam reforming. The whole set of results suggest an important effect of the CeZrO 2 support on the redox behaviour of NiO/Ni 0 particles, suggesting easy oxygen transfer to/from the support when in intimate contact with the active phase.
Experimental

Catalyst preparation
Ni-Ce-ZrO 2 catalysts were prepared through the optimization of a one step coprecipitation/digestion method reported in the literature [13] . transferred to a round-bottomed glass flask. An aqueous 20% KOH (w/w) solution was added dropwise at 353 K with constant stirring to attain an alkaline pH, which was maintained during the entire course of co-precipitation reaction. Catalyst A was prepared at pH = 10.5, while pH = 9.5 resulted in catalyst B. The precipitates were digested at 353 K for 24h. Afterwards, they were thoroughly washed with distilled water to remove potassium impurities, dried at ambient conditions for 48 hours and at 393 K for 6 hours. The dried mass thus obtained was then finely ground to an average particle size of less than a micron. This material was calcined at 773 K for 6 h to obtain the final catalysts.
Characterisation techniques
Specific Surface Area (SSA) was measured by nitrogen adsorption and desorption cycles at 77 K using a Micromeritics (ASAP 2020) surface area measurement apparatus, employing the Brunauer Before the tests the catalysts (200 mg) were pressed into pellets with sizes between 255 and 350 µm and reduced at 673 K in a nitrogen flow containing 5% H 2 for 1 hour. MSR tests were carried out at P = 1 atm, T = 793 K and GHSV = 30000 h -1 , with steam to carbon ratios (S/C) = 2 and 3. Catalysts stability was checked by running the reaction for 250 hours. After the tests the catalysts were cooled to RT in N 2 flow. from XRD (see below). As for textural properties, it is noteworthy that the co-precipitation/digestion method allowed to obtain high SSA in both samples, irrespective of pH control. However, the best value (134 m 2 /g) was obtained for catalyst A, prepared at pH 10.5. As for the samples porosity, which is the result of interparticle voids, it is not particularly affected by the pH control. It is important to notice that, due to the broad character of the XRD peaks, the heterogeneity of ceria-zirconia mixed oxides structures cannot be excluded. In fact, different authors have shown how cubic and tetragonal phases are not easily distinguished on the basis of XRD, so that Raman spectroscopy was employed to this aim through the analysis of skeletal IR vibrations [31] . More recently, Montini et al. proposed the employ of Eu 3+ as a structural probe, to monitor the presence of small metastable domains in CeZrO 2 samples with nanoscale heterogeneity, which appeared homogeneous by conventional XRD [32] . In our case, Raman measurements showed the presence of a single peak at 470 cm -1 , confirming that the main crystal phase is the cubic fluorite-like one ( Figure 1 in SI) [31] . We cannot however exclude a nanoscale heterogeneity, which could have important effects on the catalytic properties [32] .
Results and Discussion
General properties
In addition to the CeZrO 2 peaks, in the as prepared samples weak peaks are observed at 37.09°, Noticeably, the redox behaviour of supported Ni particles in sample A is different. When it is opened to atmosphere after the reductive treatment, the sample colour rapidly changes from black to dark brown, as the result of an exothermic reaction. The resulting XRD pattern is reported in Fig. 1 (bottom curve b). Notwithstanding their weakness and broadness, peaks related to NiO are still observable, suggesting a re-oxidation of Ni 0 particles upon air exposure. A very weak peak at 2θ=
44.4° is also present, which could be due to a fraction of Ni 0 particles stable to atmosphere. This phenomenon will be rationalized in the following, when analysing the catalysts surface properties (section 3.3). On the basis of XRD data the re-oxidation in air after reduction does not sensibly affect NiO particle size with respect to the calcined material.
As for the catalysts recovered from catalytic tests (curves c in Fig. 1 ), the results suggest negligible changes in the structure and average crystallite dimensions of both support and active phase, which is found in the form of NiO, as in the as-prepared materials. This implies an oxidation of the Ni 0 metal active phase during the catalytic reaction or the following steps (cooling in nitrogen and removal from reactor).
HRTEM measurements
HRTEM technique was employed to get additional information on the catalysts particle size and morphology. The measurements were carried out on the as-prepared, reduced and recovered catalysts, in analogy with XRD characterization procedures. In this case the reduction treatment was also aimed at improving the contrast between the relatively "light" supported nickel phase and the "heavy" support [33] . For brevity, only the HRTEM images obtained on the reduced and recovered samples will be discussed in detail. Size and morphology of the CeZrO 2 support of sample B (Fig. 3a) are similar to A. However, in this case larger Ni particles could be observed after reduction, as the one (35 x 22 nm) highlighted in Fig. 3b . The measured lattice distance (2.03 Å) suggests that we are observing the cubic Ni 0 phase, in agreement with XRD. As observed in the case of catalyst A, the support morphology is unchanged after the catalytic tests, but large NiO aggregates with irregular morphology are formed, as the one shown in Fig. 3c (32 x 40 nm) . Moreover, large amorphous portions of matter are observed (Fig. 3d, 22 x 50 nm), embedding the support particles, which are probably due to carbon residues from the methane steam reforming process. Interestingly, these carbon deposits do not show any graphene structure or filament shape, in contrast to what often observed on Ni-based catalysts [7, 12] . This difference could be related to the different conditions employed in the catalytic tests.
Surface studies
The surface properties of the catalysts were investigated by FTIR spectroscopy, particularly employing the CO molecular probe. In this work, the attention is focused on the CO stretching region (νCO), while the spectra measured in the OH stretching region (νOH) are not reported for sake of brevity. We only mention that this region is quite complicated, as often observed in ZrO 2 or CeZrO 2 oxides [34] [35] [36] . A discussion of these features is outside the scope of this paper, however we have to acknowledge the presence of a narrow band at 3740 cm -1 , which could be ascribed to surface Si-OH groups [36] , formed as a result of Si contamination from glassware during the high pH synthesis. This aspect should be considered when reproducing the synthesis, since it has been shown that Si can improve the redox ability of CeZrO 2 catalysts [37] .
The CO adsorption experiments were carried out in two steps: i) gradual increase of CO equilibrium pressure (P CO ) at 110 K; ii) increase of temperature from 110 K to RT at P CO = 20 Torr [33] . For simplicity, a selection of the more informative experiments is reported and discussed in the following. The spectra are quite complex, and they can be divided into three regions: i) from 2250 to 
Evolution of CO spectra from 110 K to RT
The second part of the CO adsorption experiments is reported for both catalysts, in order to highlight their different behaviour. Bands in the 2100-1800 cm -1 region have been often observed while sending CO on supported Ni 0 particles, and their nature, evolution upon pressure, temperature and evacuation were deeply investigated in many papers [33, 38] . In this work, their discussion will be based on the recent conclusions drawn by Morandi et al. [33] , where interested readers can find more details. Shortly, In agreement with previous reports [33, 38] , these experiments confirm the high reactivity of surface Ni 0 atoms, which are easily extracted by interaction with CO to form volatile complexes. This could be explained either with the presence of highly dispersed Ni particles, too small to be detected by HRTEM, or by defective high index surfaces [7, 33] . Noticeably, this reactivity is higher on catalyst A, showing the more intense Ni(CO) y and Ni x (CO) y bands.
As for the band at 2128 cm -1 , its position resemble that of the forbidden 2 F 5/2 2 F 7/2 electronic transition of Ce 3+ ions [39] , but the narrow character and the observed evolution with CO reactivity do not favor this assignment. We thus assign it to Ni + (CO) adducts, formed on partially reduced sites.
When the same experiments are carried out on the oxidized samples, the spectra reported in Fig.   6 2 ). This choice is related to the fact that structural and spectroscopic techniques mainly show features ascribable to CeO 2 oxide, likely because of the relatively low Zr contents. This does not mean that these ions do not play a role, since it has been reported that their inclusion in the ceria lattice, besides improving thermal stability, confer better redox and OSC properties [26] .
Scheme 1 describes the effect of CO adsorption on the oxidized catalyst (panel a). This is an oversimplified scheme since it does not includes CO adsorption on Ce 4+ /Ce 3+ ions and NiO/Ni 0 particles. Due to the basicity of the ceria support, CO can react with the surface to form CO 2 , which in turns adsorbs on other basic surface oxygen atoms to form stable carbonates (Schemes 1b and 1c). This process is well known and results in the formation of complex carbonates bands in between 1700 and surface, which can be re-established by oxygen removal from supported NiO (Schemes 1c-1d In this context, we recall the fact the a different reactivity path was proposed for CO oxidation on NiO particles supported on ZrO 2 at 773 K, without requesting the involvement of the support [48] .
Even if the mechanism proposed in Ref. [48] is reasonable, in our case CO oxidation is observed at low temperature, and this can be easily explained by considering the important oxygen storage capability (OSC) of the ceria-based support. In the reported scheme the role of surface Zr ions has not been considered as playing an active role, mainly because of the relatively low concentration. However, previous reports have clearly shown that the insertion of Zr ions into the ceria lattice has a positive effect on its OSC, improving redox properties and lowering the reduction temperature [26] . Finally, we have to acknoledge the possible contamination of the oxide surface with traces of Si, which has also been reported to improve CeZrO 2 redox properties [37] .
The surface model employed to explain the reduction of NiO to Ni 0 by RT CO interaction can be also employed to rationalize the opposite redox behavior, that is the re-oxidation of Ni Table 2 for both catalysts.
When the steam to carbon ratio is 3, catalyst A show a hydrogen production close to the thermodynamic value in the same temperature and pressure conditions, with only a slight conversion decrease with time on stream ( Table 2 ). This decrease could be related to small temperature variations along the reaction: since the flow is very low, methane conversion is affected by even tiny temperature oscillations. The CO production is almost negligible. This implies that water gas shift reaction (WGS), the exothermic reaction involving CO molecules produced from methane reforming, takes place together with MSR. This is in agreement with literature, since it has been reported that the acid/base properties of the CeZrO 2 support have a positive effect on WGS [49] .
When the reaction is carried out at S/C = 2, hydrogen conversion is lower, but its value remains practically constant during the whole 250 hours reaction ( Figure 7 , top panel). Also in this case CO production is negligible, indicating that WGS reaction is efficient even at low water content. Notice that these conditions are favorable from an energetic point of view, since less energy is required to vaporize water in the reactants feed, but are particularly harsh for catalysts stability, due to the high carbon content in the feed.
The catalytic activity of catalyst B is similar during the first hours of reaction at both S/C ratios (Table 2 ). However, in this case deactivation with time on stream is evident after 150 hours, particularly at S/C = 2 ( Fig. 7 bottom panel and Table 2 ). This is not surprising since one of the main reasons for deactivation is related to the deposition of carbon on the catalyst surface, phenomenon that is favored at low S/C ratios. Noticeably, large amorphous particles were indeed observed by HRTEM on recovered catalyst B (see above).
On the whole, these results show only a minor effect of Ni dispersion on the catalytic activity in low temperature MSR, since the initial conversion values of the two catalysts are similar. However, catalyst deactivation is observed on the sample with bigger Ni particles, as a consequence of carbon deposition, particularly at low S/C ratios. On the contrary, the good stability of catalysts A can be related to the high dispersion of Ni particles on the CeZrO 2 support, allowing oxygen availability which is unfavorable to carbon deposition.
Conclusions
Two different NiCeZrO 2 catalysts, with similar chemical composition were synthesized by one pot co-precipitation, and fully characterized. XRD and HRTEM analysis showed similar size and morphology of the CeZrO 2 support, being characterized by small (5-6 nm) roundish particles. On the contrary, the particle size of supported NiO/Ni 0 particles was strongly affected by the synthesis conditions, particularly pH. Moreover, catalyst A, the sample with smaller NiO particles, showed a peculiar surface reactivity, testified by the fast oxidation of previously reduced Ni 0 particles when exposed to air. This indicates an important effect of the CeZrO 2 support on Ni catalytic activity, which could be explained with an enhanced oxygen transport from ceria to Ni particles in intimate contact with its surface. Even if the models employed to explain the surface reactivity are based on a simplified ceria surface, the observed low temperature activity towards CO or air can be ascribed to the positive effect of Zr ions insertion into the ceria lattice, which has been shown to increase OSC an redox properties [26] . Simplified representation of room temperature oxidation of a previously reduced Ni-CeZrO 2 surface as a result of contact with atmosphere.
